ABSTRACT
INTRODUCTION
Ketones play a crucial role in nature. For example, metabolism of carbohydrates, fatty acids and amino acids in humans and most vertebrates generates acetone, acetoacetate and beta-hydroxybutyrate, which are known as ketone bodies in biochemistry. Acetoacetate and betahydroxybutyrate are important fuels for many tissues. For example, it was reported that acetoacetate contributes over 90% to the energy required for respiration in the sheep heart, 85% in the sheep kidney cortex and 74% in the sheep diaphragm [1] . Ketone bodies are also found to have therapeutic values for neurological diseases such as Alzheimer's disease [2, 3] and Parkinson's disease [3, 4] . Hasebe and Hauptman et al. have discovered their function in reducing epileptic seizures as well [5, 6] . Additionally, it was reported that monoacetoacetin (glycerol monoacetoacetate) has the potential to decrease growth of human gastric cancer cells [7] .
Being inspired by their imperative role in nature, ketones are also commonly applied scientifically and commercially, especially in the field of chemistry. Not only are they massively produced as solvents in industry, but base-catalyzed condensation reactions with ketones are also employed on a daily base in organic synthesis labs. According to the reaction mechanism, in the presence of a base, the chemoselectivity (relative reaction rates) or regioselectivity (preferred reaction site), is primarily determined by the acidities (pK a ) of different ketones, i.e. the acidities of alpha hydrogen atoms at different positions (Figure 1 ). Since ketones are extremely weak acids, direct measurements of their acidities in hydroxylic solvents seem to be impossible. Although measurements of deuterium exchange rates along with some other methods have determined the equilibrium acidities for a number Figure 1 . Alpha hydrogens at different positions may have different acidities due to the effect of differentof ketones [8] [9] [10] [11] , the accuracy and applicability were not very satisfying. The establishment of an acidity scale in dimethyl sulfoxide (DMSO) solution by Bordwell [12] was undoubtedly a milestone in this respect. It provided a large number of pK a values for a variety of weak acids in DMSO, including ketones. With these pK a values as well as the oxidation potentials of ketones and their conjugate bases, Bordwell et al. were able to predict both the acidities of the radical cations formed from the parent acids [13] and the homolytic bond dissociation energies (BDEs) of their acidic C-H bonds [14] . BDEs are very useful in terms of studying reaction mechanisms and assessing stabilities of radicals [15] . Due to its simplicity and general applicability, this method of calculating BDEs is still being used today since it was first introduced about twenty years ago [16] .
Several groups have described QSPR models to predict pK a values of acids, alcohols, phenols, chlorinated phenols and amines [17] [18] [19] [20] [21] [22] [23] . To our knowledge, no such effort has been focused on the acidities of ketones yet. Because ketones are so important both in nature and science and because experimental determination of pK a values is an exhausting process, the development of a computational model that can accurately predict their acidities is both valuable and timely. More specifically, by utilizing such a QSPR model, biologists can easily explore a variety of ketones that may carry comparable pK a with the aforementioned ketone bodies to address the same diseases based on the concept of "bioisosterism", whereas chemists can predict a reaction mechanism where ketones are involved in order to design a more reliable synthetic route for their target compounds. In this report, we present a quantitative structure-property relationship (QSPR) model to predict acidities of ketones in DMSO. The effects of different functional groups and substitution patterns on their acidity as represented by five descriptors in the model are discussed.
MATERIALS AND METHODS

Data Set
Fifty-eight ketones with experimental pK a data [16, 24, 25] were subjected to initial data screening. Three of the ketones were first discarded to avoid incongruence of data. Among them, two have markedly different structures (one is a quaternary ammonium salt and another is a chromium tricarbonyl complex), while the pK a of the third ketone was acquired under different condition. The final set of fifty-five ketones (Figure 2) can be categorized into three groups based on their structures. Group A is composed of aliphatic noncyclic ketones 1 -6. Group B consists of cyclic ketones 7 -17. The remaining ketones 18 -55, which typically contain at least one phenyl ring in their structures and are exocyclic with respect to the ketone, form the group C. Group C can be further divided into five subgroups: C1, CH 3 COCHR 1 R 2 (R 1 , R 2 can be either same or different), 18 -20; C2, CH 3 COR (R is substituted or non-substituted aromatic ring), 21 -33; C3, PhCOCH 2 R (R can be either aliphatic or aromatic), 34 -51; C4, PhCOCHR 1 R 2 (R 1 , R 2 can either be independent or form a cyclic ring), 52 -54; C5, 55, which falls into none of the above groups.
In order to evaluate how well a model to be built can predict the acidities of ketones, an external prediction set (PSET) that includes one or more members from each group is considered necessary. The criteria for building such a PSET were: 1) ketones which have either highest (7) or lowest (39) pK a values are not eligible for the PSET because a model cannot reliably predict properties out of the range it was built, i.e. extrapolation; 2) the qualified candidates for the PSET should be able to represent at least several of their group members or their counterparts from other groups that share the same moieties in their structures. For example, the effect on alpha hydrogen acidity by replacing one hydrogen atom with a methyl group can be calculated from comparing ketones 34 and 31. Similarly ketone 5 is qualified to enter the PSET as long as ketone 1 remains in the training set (TSET). In other words, those that have unique structures were not considered for inclusion in the PSET. Based on these guidelines and the size of each group, ketone 5 from group A, ketone 10 from group B, and ketones 20, 30, and 35 from group C were selected for the PSET. The remaining fifty ketones were used as the training set to generate the QSPR model.
Computational Details
The structures of the selected fifty-five ketones were sketched and energy-minimized by SYBYL 8.1 [26] using the Tripos Force Filed and Gasteiger-Hückel charges with a 0.05 kcal/(mol × Å) energy termination gradient, dielectric constant ε = 1.0, and an 8.0 Å nonbonded interaction (NB) cutoff. Molecular descriptors used for describing the acidity and generating the QSPR equation were calculated for each molecule using MDL QSAR version 2.2.0.365. The stepwise multiple linear regression method was used to build the model. The number of descriptors (n) in the equation was limited to no more than the square root of the number of ketones in the TSET minus 2 (n ≤ (TSET) 0.5 -2), which is 5 in this case. The following criteria were considered when selecting the descriptors: 1) higher F-statistic value introduced first; 2) absolute t-statistic value not less than 3.5; 3) descriptors should not be highly correlated with each other (intercorrelation coefficient below 0.7); 4) no descriptors with nly a few non-zero (or different) values. o
RESULTS AND DISCUSSION
QSPR Model Building
A QSPR model for predicting the pK a of ketones in DMSO was generated using the method described above by utilizing the fifty ketones in the training set: where Hmin is an atom-type electrotopological state (Estate) descriptor encoding the minimum hydrogen E-state value (HS) in a molecule [27] . The calculation of a HS (HS i ) is given as follows:
where δ v is all the valence electrons associated with the atom i; δ is the non-hydrogen bonded sigma electron count; N is the principal quantum number; the intrinsic state value I is defined as:
The HS tends to be the smallest for hydrogen which is bonded to an element of low electronegativity. SdssC_acnt is an atom-type count that represents the number of all non-aromatic sp 2 hybridized carbons (=C<) in the molecule (such as O=C<, S=C<). Qv is a whole-molecule Estate polarity index that decreases as the polarity increases [27] . It encodes the existence of heteroatoms and polar functional groups and is given by:   The statistical parameters that describe the quality of the regression Eq.1 such as squared correlation coefficient (r 2 ), predictive squared correlation coefficient (q 2 ), standard error of estimation (s), Fisher's F-value using the F statistic (F), and P-value using the F statistic (P) are given below Eq.1.
As shown in the plot of the calculated pK a against experimental pK a (Figure 3) , Eq.1 poorly predicted the pK a of four ketones, which are 28, 37, 39, and 52, especially for ketone 39, with an absolute residual between the prediction and experimental data of nearly 6 log units. There are two ketones containing cyano groups, 24 and 39. The influence of the cyano group on the acidity of 39 is more profound than it is on 24, since the cyano group is directly attached to the methylene group in 39. However, among the five descriptors, only Hmin partially reflected this distance difference between the cyano group and the alpha hydrogen atoms. This could be the cause of poor acidity prediction for 39. Since these descriptors are favorable for most of the members in the TSET, a second model was thus built without ketone 39 to test this hypothesis by using the same method mentioned above to give Eq.2: where xc3 is the simple 3rd order chi cluster connectivity index and it is defined for a single branch point ("Y" type) and encodes the number and branching environments of such points [28] . For example, acetone (1) has only one such a branching point, whereas 3,3-dimethylbutan-2-one (2) has five. A more detailed illustration of the xc3 calculation is found in Figure 4 for ketones 1 and 2.
By leaving out ketone 39, not only the r 2 value is improved, but more importantly, the cross-validation indicated a more robust model. However, the prediction of ketone 43 by Eq.2 was far from acceptable, with a residual of -4.5 log units (Figure 3) . The nitrogen atom in the pyridine ring of 43 has the same electron-withdrawing effect as a nitro group, but none of the five descriptors can reveal this feature. Additionally, the absolute t- High F, low s, a P value near 0, and r 2 and q 2 values near 1 all indicate a reasonable QSPR model. In general, a QSPR model is considered significant when P < 0.001 [29] . The established QSPR model (Eq.3) thus shows a significant statistical quality, both in a reliability (r 2 = 0.91) and a predictability (q 2 = 0.86). The following discussion will therefore focus only on Eq.3.
A correlation plot of the calculated pK a against experimental pK a for Eq.3 is shown in Figure 5 . The calculated pK a values for each ketone in the TSET and correlation matrix for the five descriptors can be found in Tables 2 and 3 respectively. The absolute value of the highest intercorrelation coefficient between any two of the five descriptors in Table 3 is 0.6345 (Hmin to xc3), which is below 0.7. As shown in Table 2 , the residuals between calculated pK a and experimental pK a for over 70% of the TSET (thirty-four ketones out of forty-eight in total) are smaller than standard error of estimation. In general, the equation gave better prediction for group C2 (CH 3 COR), followed by group B (cyclic ketones) and group C3 (PhCOCH 2 R). This is not surprising since the group sizes of these three groups are much larger than others, which let them take a leading role in selecting descriptors that are more favorable for them. In most of the groups, pK a values for ketones that show a distinguishable structure than other members are not very well predicted by the model (e. g. ketones 2, 15, and 28) . In addition, it seems that the effect of substitutions is not additive: if two identical functional groups are present in a molecule, the pK a doesn't simply change twice as much compared to a molecule containing only one of such. This is illustrated by the two series of ketones 1→18→ 55 and 3→38→37.
Interpretation of Ketone Acidity
As pointed out by Bordwell et al. [25] , acidity changes observed for ketones by different substituents are mainly a balance among three effects: 1) steric effect on resonance and solvation of the anion; 2) stabilizing effect on the enolate ion either through delocalization or induction; and 3) lone-pair-lone-pair electron repulsions. Among the five descriptors in Eq.3, Qv is positively correlated with pK a , and the other four descriptors contribute negatively to the pK a value, especially Hmin. Being developed to encode both the electronic and steric attributes of atoms in a molecule, two indices might be expected to successfully capture the features influencing pK a as noted in the previous paragraph. Indeed, the Estate index Hmin was selected as one of the most significant descriptors in the model. As shown in Table 2 , except for 44 and 46, the ketones have unique Hmin values. Furthermore, Hmin is significantly inversely correlated with pK a ( Table 3 ) and ketones that have Hmin values larger than 0.8 (e.g. 15 -17, 37, 40, etc.) tend to be more acidic (observed pK a values are among 11.4 to 18.9). Therefore these compounds are well predicted. A more specific example could be illustrated by comparing 21 to 22. Having identical values for the other four descriptors, the differences in their Hmin properties decided the variations in their pK a values. The meta-chloro group in 22 generates a stronger induced electron withdrawing effect on the enolate ion than the para-chloro group in 21 does, and hence 22 is more acidic than 21. The steric effect reflected by Hmin is exemplified by comparing 16 to 17 (although 16 and 17 don't have exactly matching MaxNeg and xc3 values, the role of both descriptors is quite insignificant comparing to Hmin, in this case). As suggested by their 3D structures, atoms C2, C2a and C3 are not in the same plane as the C4-C10 atoms, and this generates a more hindered environment for the methylene group in 17 than the one in 16. Since steric effect contributes negatively to the acidity, 16 is more acidic than 17. On the other hand, Hmin seemed not sufficient to evaluate the acidity of polycyclic aromatic ketones. For example, although 48 is more acidic than 45, 45 shows a higher Hmin value than 48 in spite of the fairly strong inverse relationship between pK a and Hmin (see Table 2 ).
The impact of SdssC_acnt on ketones acidities can be easily observed for 3 -4 and 37 -38 compared to the rest of the ketones. The SdssC_acnt values for these four ketones are 2, two times of those for other ketones ( Table  2) , which makes them quite acidic as demonstrated by the lower pK a of 3 and 38 than 1 and 31 respectively. This was due to the additional electron withdrawing effect contributed by the second carbonyl group.
Not surprisingly, geometric and positional isomers have the same Qv values (for example, 44 -48). Among the forty-eight ketones, only 3 -4, 7, 37 -38, and 40 have Qv values less than 0.95. It is not difficult to understand that 3 -4, and 37 -38 are more polar due to the presence of second carbonyl groups. Similarly, the sulfonyl group in 40 makes the molecule more polar. These moieties are electron-withdrawing groups, which have a stabilizing effect on the enolate ion through their inductive stabilizing effect, and therefore the ketones containing these moieties are more acidic. Cyclobutanone 7 is the most polar compound in the aliphatic cycloketones category, and has the lowest pK a amongst them. On the other hand this descriptor as well as others would not be able to distinguish among different conformation of ketones (such as cis vs. trans, chair vs. boat) and its influence to the acidity of the ketones.
Descriptor xc3 is an indicator of the degree of third order branching, and thus implicates the effect of substitution in a molecule. A molecule that is relatively compact at some point(s) will have a higher xc3 value. There are eleven ketones of which xc3 values are larger than 1 in the TSET. A critical aspect will have to be considered when xc3 is involved to explain the acidities of ketones in addition to the hindrance effect it causes, that is, whether the branching at certain position(s) can stabilize the enolate ion. This factor is perfectly demonstrated by ketones 16 -17, 44 -49 and 40. The enolate ion for ketone 40 is stabilized through inducing effect by sulfonyl group, whereas the delocalization of the anion (the negative charge is distributed to the phenyl rings through resonance) is achieved for ketones 16 -17 and 44 -49. In contrast, the increased branching in ketone 2 can't attain either of the above effects, and this counts for its decreased acidity, compared to the less branching counterpart 1. For ketone 2, the steric hindrance for the solvation of its anion is the determining factor for pK a .
MaxNeg is a charge index. Most of the ketones carry similar MaxNeg values. Interestingly, no matter what the size of the cycloketones is, they share the same MaxNeg value. More importantly, the MaxNeg values for ketones in which the carbonyl groups are directly attached to a phenyl ring are around -0.44. The MaxNeg values for the remaining ketones are approximately -0.36. The repulsion between the negatively charged carbonyl oxygen and the aromatic pi-bonds, which is unfavorable for the stability of the enolate ion, might be the reason that MaxNeg contributes negatively to the pK a of the ketones, a similar effect that lone-pair-lone-pair electron repul-sions have.
Ketone Acidity Prediction
To further validate the built QSPR model, the generated regression Eq.3 was used to predict the pK a of the five ketones in the external prediction set ( Table 2) . A correlation plot of the calculated pK a against experimental pK a for the PSET is shown in Figure 5 . A linear regression was performed for the calculated pK a and the experimental pK a . The statistics r 2 and s are 0.92 and 1.618 respectively, which was considered to be satisfactory. Table 2 showed that the QSPR model estimated the acidity for those ketones with acceptable values while the best prediction was obtained for compound 5. Compound 20 is one of the only two ketones that carry a sulfonyl group, providing an explanation for the relatively poor prediction.
The pK a shows a parabolic relationship with the ring size of cycloketones 4 -9, with the pK a of cycloheptanone 10 being the highest. However, cycloheptanone 10 wasn't in the TSET when the model was built to reveal this characteristic and hence none of the five descriptors in the QSPR model Eq.3 can actually reflect this particular feature of cycloketones. Having a small number of members among the whole training set also likely confounded the prediction of the relative acidities of ketones in this series, although the residuals for most cycloketones are acceptable.
CONCLUSION
Ketones are important in both biochemistry and organic chemistry, and information about their pK a properties will be beneficial for both biologists and chemists. The direct measurements of pK a of ketones are not available due to their extremely weak acidity. Hence, a QSPR model which can be used to predict the acidities of ketones is highly desirable. Fifty-five ketones of which the pK a in DMSO were determined using the method developed by Bordwell were used to build such a QSPR model. By leaving out two ketones (39 and 43) that show unique structures from others, the training set of fortyeight ketones in three main classes covering most functional groups with an overall pK a in DMSO ranging from 11.4 to 28.2 is very well described by the statistically significant regression Eq.3 (r 2 = 0.91, q 2 = 0.86, s = 1.42). Steps have been taken to ensure the quality of the generated QSPR model in this paper. Importantly, the five descriptors used to build the model are largely chemically intuitive and in agreement with the proposed theory that describes the acidity of ketones, which further strengthened the significance of the model. Moreover, the QSPR model can reasonably predict the acidity of the five ketones in the external prediction set (r 2 = 0.92, s = 1.618). We anticipate that the model obtained will be useful for prediction of ketone acidity that may be related to their reactivity, reaction mechanism, and possibly some biophysical properties in biological systems.
